We have studied the effects of uniaxial pressure on the geometric structure and the electronic structure of single-walled carbon nanotube bundles theoretically. The local-density approximation in the density-functional theory has been applied to three types of carbon nanotube bundles, made up of the ͑8, 0͒, ͑10, 0͒, and ͑11, 0͒ tubes under uniaxial pressure perpendicular to the tubule axis. In all these types of bundles, an abrupt change is observed in the deformation of the tubes and their configuration at a certain pressure. It is also found that, despite a similar change of the lattice constants of the bundle, the deformation and the configuration of the tubes depend strongly on their types: While the ͑8, 0͒ tube bundle has a dense structure at high pressures, larger tube bundles prefer a loose one. All types of bundles, which are calculated to be semiconducting, exhibit a semiconductor-metal transition before or at the beginning of the abrupt change of the lattice constants when they are deformed by the uniaxial pressure. The pressure effect on the energy gap, however, is not monotonous: a decrease and an upturn followed by its disappearance. By analyzing the atomic arrangement, the band structure, and the wave functions of the three types of carbon nanotube bundles, the relationship between them is also established.
I. INTRODUCTION
In materials science, the major concerns are about structures, properties, and the relationship between them. Carbon nanotubes 1 have recently attracted much attention because they have the most potential for applications in nanometerscale electronic devices which exhibit unprecedented physical, chemical, and electrical properties. In addition, the electronic properties of carbon nanotubes are extraordinary and unique. For example, a carbon nanotube can exhibit variations in its electronic structures by many ways. Notable is the fact that a carbon nanotube can be either semiconducting or metallic, depending on its diameter and helicity. 2, 3 Modifications of the electronic properties of a carbon nanotube can be carried out by such ways as applying pressure, 4 electric and magnetic fields, 5 chemical treatment, 6 etc. A detailed understanding of the electronic properties of single-walled carbon nanotubes ͑SWCNTs͒ is important for their applications. Recently, many experimental and theoretical studies 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] revealed the structural and mechanical behaviors of bundles of SWCNTs under external pressure. The electronic properties of a SWCNT bundle under pressure, however, have received much less attention while most of the previous studies were only on the isolated carbon nanotubes. [11] [12] [13] [17] [18] [19] [20] [21] [22] The behavior of a bundle during deformation is expected to be very different from that of the isolated tubes since the intertubular interactions will affect the electronic properties. Moreover, the deformation of a bundle occurs not only in the shape of the tube but also in the configuration of the tubes. Therefore, it is very important to give an accurate description of the nature of the electronic structure of the deformed SWCNT bundles.
Previous studies suggested elliptical deformation in the structural changes under pressure. 16, 17, [23] [24] [25] In our study, special attention is paid to this type of deformation for several reasons. The current understanding is that the circular nanotube cross section is distorted to an elliptic geometry under hydrostatic pressure. 7 In Ref. 4 , it was reported that the semiconducting SWCNTs exhibited a change of energy gap by pressure and it was suggested that the large change would be induced by the elliptical deformation of the tubes. Furthermore, it was put forward that the elliptical deformation can be induced to the nanotubes by chemical modification and produces changes in the electronic structures. 5 In addition, similar elliptical deformation may also be induced by bending in the nanotubes 26 or when the nanotubes run across obstacles such as other tubes. 27 In such a way, this type of deformation can be seen on many occasions.
In this work, we have studied the effects of deformation on the electronic structures of SWCNT bundles, especially in the semiconducting state. We attempt to address the following: ͑1͒ what the characteristics of the bundle under pressure are and ͑2͒ how the electronic structure of the bundle changes in the process including the semiconductor-metal transition. Generally, the ͑n ,0͒ zigzag nanotubes are semiconducting and are only metallic if n is an integer multiple of three. We chose the ͑8, 0͒, ͑10, 0͒, and ͑11, 0͒ bundles, which are all semiconductors with a narrow energy gap in an isolated form at the ambient condition. For the crystalline bundles of ͑8, 0͒, ͑10, 0͒, and ͑11, 0͒ SWCNTs, we use the local-density approximation ͑LDA͒ in the density-functional theory to calculate the geometries and the electronic structures. The deformation of the bundle is induced by a uniaxial pressure applied perpendicular to the tubule axis, as shown in Fig 1 . These calculations will reveal the change of the structural and the electronic properties of the bundle to the uniaxial pressure theoretically. By analyzing the band structures and the wave functions of the bundles, the changes of the electronic properties will also be discussed.
II. COMPUTATIONAL DETAILS
The first-principles electronic structure calculations have been performed with the pseudopotential formalism 28, 29 and the plane-wave basis set within the density-functional theory using the ABINIT code. 30 The exchange-correlation energy is treated with the LDA in the Ceperley-Alder form 31 with the Perdew-Wang parametrization. 32 Even though the LDA has the well known problem of underestimating the energy gap, it is still very useful to capture the most important aspects of the electronic structure. All the calculations have been performed in a self-consistent manner by using the conjugategradient algorithm. 33, 34 The structure has been optimized by making the Hellmann-Feynman forces smaller than 10 −2 eV/ Å on each atom. A cutoff energy of 408 eV ͑15 hartree͒ for the plane-wave basis set has been found to be sufficient to achieve the convergence of 10 −5 hartree/atom in the total energy by comparing the results with higher cutoff energies up to 952 eV ͑35 hartree͒. The Brillouin zone integration was done on the 2 ϫ 2 ϫ 4 Monkhorst-Pack grid points. 35 After the structural optimization with these numerical settings, the detailed band structures were obtained. All the carbon nanotube bundle structures were constructed from one individual tube placed in a hexagonal unit cell with the lattice constants of a, b, c, and ␥ ͑Fig. 1͒. There are 4n carbon atoms in the unit cell for the ͑n ,0͒ SWCNT. The lattice constants a and b are lying in the circular cross section of the tube and the lattice constant c is taken along the tube axis. The cross section is within the xy plane and the tube axis is along the z direction. The lattice constants and the atomic positions in the unit cell were relaxed without any constraint on the lattice symmetry except the threedimensional translational one. The deformation of the bundle was generated by a uniaxial pressure. The compressive pressure is applied along the y axis in the xy plane so as to shorten the diameter in the y direction. The structural deformation may proceed stepwise under different pressures, and the initial geometry at each pressure was taken from the optimized structure at the previous step.
To give a feasibility evidence of the computational method, the energy gap of the isolated ͑8, 0͒, ͑10, 0͒, and ͑11, 0͒ SWCNTs was calculated. The band structure calculations were performed after the geometry optimization in terms of the supercell geometry with the closest intertubular spacing of more than 9 Å, which is large enough to neglect the interactions between the nanotubes. Table I lists the energy gaps E gap calculated in this study and compares them with the previous computational results. In this table, it is clearly shown that our results are in good agreement with other theoretical values. These give us a reasonable basis to perform the theoretical research on the nanotube bundles.
Then, the same method was applied to the ͑8, 0͒, ͑10, 0͒, and ͑11, 0͒ SWCNT bundles, and each energy gap under the ambient condition was obtained as 0.129, 0.172, and 0.429 eV, respectively. It can be seen that the energy gap in each bundle becomes smaller than that of the corresponding isolated SWCNT. This fact indicates that the intertubular interaction will reduce the energy gap significantly. Reich et al. 36 obtained the metallic electronic structure for the ͑10, 0͒ bundle. We will discuss this discrepancy later.
III. RESULTS AND DISCUSSION
A. Geometric and electronic structures of (8, 0) and (11, 0) bundles For the ͑8, 0͒ bundle, the calculation results on the lattice constants, the angle ␥, and the energy gap are shown as a With a pressure increase, a and b are approaching each other, they become almost same at 1.0 GPa, and the energy gap shows a rapid decrease to 0.75 GPa followed by a small upturn. At 1.125 GPa, the energy gap vanishes and the ͑8,0͒ bundle becomes metallic. After the semiconductormetal transition, the lattice constant a becomes larger and the difference between a and b gradually increases with pressure. The angle ␥ and the lattice constant a exhibit noticeable changes at 1.125, 2.75, and 4.0 GPa. It seems that the closure of the energy gap has a close relation with the change of the angle ␥ at 1.125 GPa. At about 4.0 GPa, a larger increase suddenly occurs to the lattice constant a and the angle ␥. The rapid increase of a suggests that the cross section of the carbon nanotube becomes more elliptic. In contrast, the lattice constant c does not show any obvious change at the whole pressure range studied. Figure 4 illustrates the shape of the cross section of the ͑8, 0͒ bundle at pressures of 0, 3.0, and 5.0 GPa. It can be seen that the changes of the lattice constants are not only due to the change of the arrangement of the tube but also to that of the cross section. The eccentricities eЈ ͑see the Appendix for details͒ were estimated to be 0.23, 0.34, and 0.67 at each pressure. It should be noted that eЈ at zero pressure is not zero and the major axis is along the y direction. Such a spontaneous deformation makes the difference in the lattice constants described above.
While a rapid change of the lattice parameters occurs at 4.0 GPa, the metallization pressure is between 1.0 and 1.25 GPa. Thus, large deformation of the bundle is not necessary for the semiconductor-metal transition to occur. However, a discontinuous change of the lattice parameters can be seen in the pressure range where an abrupt decrease of the energy gap occurs. Therefore, the metallization of the ͑8, 0͒ bundle may be due to the change of the structure, especially the angle ␥.
Figures 5 and 6 show the calculated pressure dependence of the lattice constants, the angle ␥, and the energy gap of the ͑11, 0͒ bundle. This type of carbon nanotube bundle also has three characteristics in the whole pressure range. ͑1͒ Semiconducting feature: at zero pressure, the cross section of the tube is slightly deformed. After the initial rapid decrease of the energy gap, it shows a small increase up to 2.5 GPa. Beyond 2.5 GPa, the energy gap decreases again and closes at 3.25 GPa. ͑2͒ Metallic character: at 3.25 GPa, the semiconductor-metal transition is observed. ͑3͒ Large struc- tural deformation: Fig. 7 illustrates the geometry of the cross section of the ͑11, 0͒ bundle at 0, 5.5, and 6.7 GPa. It can be seen that the tubes with an elliptic geometry change to flat ones. Following a rather smooth variation of a and b and several noticeable jumps of ␥, a large structural deformation occurs in the bundle at the pressure of 6.7 GPa.
It should be noted that the disappearance of the energy gap does not imply the occurrence of a large geometric deformation but it closely corresponds to the change of the angle ␥ at about 3.25 GPa. The metallization of the ͑11, 0͒ bundle may be due to the structural change, especially the change of angle ␥.
The behavior similar to the ͑8, 0͒ bundle can be seen in the change of the lattice constants and the energy gap: a steep decrease of the energy gap at the metallization pressure and a sudden change of the lattice constants at a higher pressure.
In spite of the similarity, however, there are some differences in the atomistic geometry and the configuration of the tubes in the ͑8, 0͒ and ͑11, 0͒ bundles under deformation. While the former bundle has a close-packed arrangement of the elliptic tubes, as shown in Fig. 4͑c͒ , the latter exhibits a loose configuration with the peanut-shaped tubes. The unit cell of the ͑8, 0͒ bundle at 5.0 GPa is lengthened along the x axis and shortened in the y direction. Each tube moves in such a way that it inserts its neighbors along the y axis but the shape of the cross section only exhibits a slightly elliptic deformation. Collapse of the large tubes was not observed. The abrupt increase of the lattice parameters shown in Fig. 2 is due to the change in the configuration of tubes. On the other hand, in the case of the ͑11, 0͒ bundle at 6.7 GPa, both the shape of the unit cell and that of the tube cross section change very much, as shown in Fig. 7͑c͒ . The collapse of the tube can be observed with a transformation of the tube cross section to a peanut shape. The abrupt increase of the parameter a is due to the change in the configuration of tubes plus the large deformation of the tubes. This is because the larger diameter of the ͑11, 0͒ tube makes it more flexible than the ͑8, 0͒ tube. 12, 37 The deviating of the cross section from the ideal bundle is observed at zero pressure in a similar manner to the ͑8, 0͒ bundle.
The electron density distributions for the ͑8, 0͒ and ͑11, 0͒ bundles are illustrated by the contour plots in Figs. 4͑c͒ and 7͑c͒, respectively. For the ͑8, 0͒ bundle, the electrons distribute almost spherically around the carbon atoms. The difference in the distribution of the ͑11, 0͒ bundle is the accumulation of electrons between the tubes. The atoms connected by this accumulation are separated by 5.9 bohr, which is almost the same as the nearest-neighbor distance between the 
͑8, 0͒ tubes shown in Fig. 4͑c͒ . For the ͑11, 0͒ bundle, the sp 3 orbital in the region of small curvature for each tube makes the covalent bonds with other tubes that are directional, as shown in Fig. 7͑c͒ . This is why the geometric configuration in the ͑11, 0͒ bundle has a loose packing structure. It indicates that the properties of the ͑8, 0͒ and the ͑11, 0͒ bundles in the metallic phase might be very different, although their semiconducting properties are similar.
B. Geometric and electronic structures of (10, 0) bundle
The variations of the lattice constants and the angle ␥ of the ͑10, 0͒ bundle with pressure are shown in Fig. 8 , and that of the energy gap in Fig. 9 . Similar to the previous cases, the lattice parameters vary gradually and an abrupt change occurs in a narrow pressure range at about 2.5 GPa. The cross sections of the bundle are depicted in Fig. 13 . It can be seen that the nanotubes retain the elliptic shape under this deformation. Thus, the ͑10, 0͒ bundle displays the deformation behavior of the ͑8, 0͒ bundle basically. It should be mentioned that the deformation at zero pressure is different to those of the ͑8, 0͒ and ͑11, 0͒ bundles: the major axes of this case is along the x axis.
On the contrary to the lattice parameters, the energy gap has a different pressure dependence. After the initial decrease, it increases remarkably before metallization. From comparison with the pressure dependence of the lattice parameters, we can see that the energy gap change is closely related to it. Especially, metallization occurs under large deformation. It should be noted that the metallization of the ͑8, 0͒ and ͑11, 0͒ bundles was observed at a pressure much lower than that for the large deformation.
C. Band structures
To understand how the electronic properties of the bundle change, we also analyzed the change of the band structures of the carbon nanotube bundle under pressure.
Although the tubes are aligned in a triangular lattice, the symmetry of the bundle is lower than hexagonal even at zero pressure due to a lack of hexagonal symmetry in the nanotube itself. We will use the labels of the points in the Brillouin zone given as depicted in Fig. 10 in the following discussion.
As known in the band structure of a single carbon nanotube, the dispersions are considerably large along the directions parallel to the tube axis, which corresponds to KH, ML, and ⌫A lines in Fig. 10 . However, it has also been accepted that both the edges of the valence and the conduction bands appear at the point k z = 0 for the semiconducting ͑n ,0͒ tube in isolated form. Thus, in the bundle form, the band structure on the plane k z = 0 is considered to be essential. In fact, our calculations have shown that the minimum energy gap always appears on the plane k z =0. 
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PHYSICAL REVIEW B 77, 125412 ͑2008͒ Figure 11 shows the band structures of the ͑8, 0͒ bundle at ͑a͒ 0 GPa, ͑b͒ 1.0 Gpa, and ͑c͒ 1.25 GPa. At 0 GPa, the top of the valence band can be seen at the M1 point. The lowest conduction band ͑LCB͒ has minima at the M1 and ⌫ points within 0.05 eV. It is difficult to determine whether the energy gap is direct or indirect in the present calculations. It can also be seen that the energy gap at the M2 and M3 points is clearly different from that at M1, which is due to the fact that the symmetry in the Brillouin zone is incommensurate with that of the tube and further confirms that the cross section of the tube is slightly deformed even at 0 GPa. Under 1.0 GPa pressure, as shown in Fig 11͑b͒, LCB is shifted downward both at M1 and at ⌫ with respect to the top of the valence band. Up to 1.0 GPa, there is no significant change of the band dispersion. Nevertheless, the position of the top of the valence band becomes unclear by approaching of the levels at M1 and M2. The energy levels at both points are within 0.1 eV. The bottom of the conduction band is at ⌫ or M1. Also, extra attention should be paid to the fact that the energy gap at the M3 point shows a slight increase with the symmetry lowering.
In the case of Fig. 11͑c͒ , both LCB and the highest valence band ͑HVB͒ clearly show changes at the M1 point. At the same time, LCB at M2 suddenly drops at 1.125 GPa, LCB has merged with HVB near the M2 point, and they almost coincide with the Fermi level along the ⌫M2 line. These changes explain how the energy gap has closed in the band structure. When the pressure exceeds 1.125 GPa, the ͑8, 0͒ bundle will exhibit a completely metallic behavior.
After analyzing the band structures, it could reveal some possible mechanisms about the variation of the electronic properties of the bundle up to the semiconductor-metal transition. As a general trend of the band structure variation, the change in amplitude of the conduction band is substantially larger than that of the valence band in the electronic structure. Considering the fact that the uniaxial pressure promotes the symmetry lowering, the electronic states of LCB should be very sensitive to the symmetry of the bundle.
Calculations for the ͑11, 0͒ bundle indicated that the change of its band structure due to applied uniaxial pressure share some common features with the ͑8, 0͒ bundle. The maxima of HVB can be found at M1, M2, and M3 from 0.0 to 2.5 GPa. The energy levels are within 0.1 eV, and thus the top of the valence band cannot be identified. The bottom of the conduction band is at M1 or M3, and no significant change of dispersion was observed. Metallization between 2.5 and 3.0 GPa occurs by an abrupt drop down at M3 and ⌫ with respect to the top of the valence band.
The pressure effect on the energy gap of the ͑10, 0͒ bundle is rather complicated, as described above. Thus, we analyze the band structure in a different way. According to the calculated results, the change of energy gap is confined by the band structure at the M3 and ⌫ points for the ͑10, 0͒ bundle. Figure 12 shows the relative variations of some LCBs and HVBs at the M3 and ⌫ points under pressure.
The indirect energy gap of 0.172 eV at 0 GPa comes from the first LCB at M3 and HVB at ⌫. From 0 to 1.0 GPa, the first LCB at M3 approaches obviously to HVB at ⌫, i.e., the top of the valence band, which results in a decrease in the energy gap. However, at 1.25 GPa, the first LCB at M3 suddenly moves apart from it. At the same time, LCB at ⌫ and the second LCB at M3 continue to decline, keeping HVB at ⌫ as the top of the valence band. This pressure dependence of the levels leads to a noticeable increase of the energy gap. From 1.5 to 2.0 GPa, both LCB at ⌫ and the second LCB at M3 begin to go up. On the other hand, it can be seen that LCB at ⌫ moves more slowly than the first LCB at M3. Consequently, the energy gap becomes direct and entirely dependent on the band structure at the ⌫ point during this pressure range. Between 2.0 and 2.5 GPa, it seems by inspection of the dispersion relation that the characters of the "actual" first LCB and the "actual" second LCB at M3 exchange each other. Thus, we plotted the energy levels as crosses in Fig. 12 . Under the pressure of 2.25 GPa, the first LCB at M3 and LCB at ⌫ become a peak. HVBs at the M3 and ⌫ points are slightly lower than the top of the valence band. In this case, the second LCB at M3 turns to be the actual lowest conduction band instead of the first LCB at M3, and the top of the valence band is at the M1 point ͑not shown in Fig. 12͒ . At 2.5 GPa, the first LCB at M3 becomes the actual lowest conduction band again and meets with HVB at ⌫ on the Fermi level, then the energy gap of the bundle closes.
It has been indicated by the experiment 4 that the energy gap of the semiconducting bundle increases with increasing hydrostatic pressure and a structural transition could lead to a sudden drop in the energy gap. These results and suggestions are different from our results possibly because the applied pressure is hydrostatic in the experiment. A circular-toelliptical shape transition is generated by the uniaxial pressure in the present work. Furthermore, the diameter of the SWCNTs used in the experiment is 14 Å and the diameter of the ͑10, 0͒ tube is 7.83 Å. The difference of pressure will make different manners in the deformation especially in the configuration of the carbon nanotubes. By considering the softness of the larger nanotubes, the difference in the diameter will also induce different configurations. This could make different band structures. Especially, our present work exhibited more complicated energy gap variations in the ͑10, 0͒ bundle.
D. Wave functions
In order to obtain a more detailed mechanism for the energy gap variation of the ͑10,0͒ bundle under pressure, we further investigated the electronic states in terms of the wave functions.
The energy gap variation of the ͑10, 0͒ bundle can be attributed mainly to the change of the conduction band, as described above. Figure 13 shows the wave function amplitude of LCB at M3 under ͑a͒ 0 GPa, ͑b͒ 1.0 GPa, ͑c͒ 2.25 GPa, and ͑d͒ 2.5 GPa. In Fig. 13͑a͒ , the wave function inside the nanotube is distributed mainly along the circumferential direction at 0 GPa with six nodes, corresponding to the lowest unoccupied molecular orbital of an isolated nanotube. However, the wave function distribution outside the tube shows a large difference from the inside. They are connected in the region along the short diagonal direction in the parallelogram of the unit cell ͑60°in the Cartesian x-y coordinate system͒, which would make a bonding orbital with the neighboring tubes. Along the x axis and the 120°direction in the x-y coordinate system, on the other hand, the wave function has a small amplitude outside the tube, indicating an antibonding orbital.
In Fig. 13͑b͒ , the shape of the wave function outside the nanotube is clearly changed, while the inside still keeps a similar shape as in Fig. 13͑a͒ . Under the pressure of 1.0 GPa, it is obvious, as shown in Fig. 13͑b͒ , that the outside wave functions are connected with those of its nearest neighbors in a different manner. In addition, it should be mentioned that the uniaxial pressure can induce the increase of the intertubular distance along the x axis and the decrease along the y axis. As a result, the intertubular atoms are forced to be closer to each other along the y axis. At 2.25 GPa, shown in Fig. 13͑c͒ , the outside wave function shows no connection, having a flat surface facing each other between the tubes. This distribution of the outside wave function is completely different from those in given Figs. 13͑a͒ and 13͑b͒. If it is possible for the electrons to be on the outside wave functions, the intertubular atoms would have a complete antibonding interaction. At this pressure, the band structure of the bundle becomes more complicated and the energy gap of the bundle reaches its maximum.
At 2.5 GPa, the characteristics of the outside wave function become very prominent. Compared with Fig. 13͑c͒ , it is shown in Fig. 13͑d͒ that the deformation in the geometry becomes larger and the shape of the outside wave function exhibits an abrupt change. The wave function distribution forms the connection between the tubes again. Under this pressure, the change of the wave function is large enough to induce a drop of the lowest conduction band and the disappearance of the energy gap.
Under pressure, a rotation of the nanotube can also be found in the deformed geometries, as shown in Fig. 13 , in addition to symmetry lowering. We define the orientational angle ⌽ of an atom in a nanotube of the ͑10, 0͒ bundle, as indicated in Fig. 14͑a͒ . ⌬⌽ is the angle difference between ⌽ of an atom at a certain pressure and that at 0 GPa. Figure  14͑c͒ shows the variations of the angle difference ⌬⌽ for different atoms ͓whose positions in one of the planes of the unit cell are shown in Fig. 14͑b͔͒ with pressure. Because the atoms were rotated in the same direction, for clear visibility, the sign of ⌬⌽ is defined as negative if the atom is in the upper half of the tube, as shown in Fig. 14͑b͒ , and positive if the atom is in the lower half. In this case, it can be imagined that the nanotube is rotated clockwise, although different atoms are rotated by different angles at a certain pressure. The atoms move in such a way that each atom moves away from the others in the adjacent nanotubes, which might accompany the changes in the bond lengths and angles in the nanotube. The behaviors of ⌬⌽ exhibit a strong dependence on atoms, such as oscillating for the C1 atom and monotonous decrease for the C7 atom in the upper half of the nanotube. However, the common feature is that the change rates of ⌬⌽ are both very small from 1.25 to 2.25 GPa, during which the energy gap of the bundle would increase with pressure. For the curves given in Fig. 14͑c͒ , therefore, it can be approximately divided into three stages: ͑1͒ small rotations ͑0 -1.25 GPa͒, ͑2͒ almost no rotation ͑1.25-2.25 GPa͒, and ͑3͒ large rotations ͑2.25-3.5 GPa͒. From a comparison with the energy gap change, we can see that the rotation of the nanotube plays a very important role in the changes of the electronic properties of the carbon nanotube bundle.
The theoretical band structure of the ͑10, 0͒ bundle was reported by Reich et al. 36 Their result indicated that the ͑10, 0͒ bundle is metallic at the ambient condition, although our present calculations gave us a finite energy gap. Considering the fact that the rotation of the nanotube is quite essential in the band structure at least for the ͑10, 0͒ bundle, the difference in the results may come from different configurations of the nanotubes employed in each case.
IV. DISCUSSIONS AND CONCLUDING REMARKS
The changes in electronic structure induced by deformation have been investigated much for an isolated carbon nanotube. 23, 38 The present study, however, has shown that changes of the configuration of the nanotubes have a stronger influence on the electronic properties of nanotube bundles. In some cases, noticeable deformation of the nanotubes such as structural collapses occurs in the metallic phase.
Elliot et al. 12 have reported a simple relation between the collapse pressure and the diameter of the tube forming a bundle on the basis of classical molecular dynamics simula- tions for bundles of various types of the carbon nanotubes under hydrostatic pressure. On the contrary to their findings, the present calculations have shown a rather complicated behavior: the ͑8, 0͒, ͑10, 0͒, and ͑11, 0͒ bundles exhibit large deformation at uniaxial pressures of about 4, 2, and 6.5 GPa, respectively. Of course, the pressure conditions are different in the two studies. Moreover, since the present calculations suggested the change in the bonding between nanotubes when the nanotubes are deformed, further investigations, especially on the interactions between the deformed nanotubes, may be required to understand the discrepancies.
We have studied the effects of uniaxial pressure on the geometric structure and the electronic structure of the ͑8, 0͒, ͑10, 0͒, and ͑11, 0͒ SWCNT bundles by using the localdensity approximation in the density-functional theory. The calculations have revealed a close relationship between the electronic structure of the bundle and its geometric changes. The lattice constants and the energy gap of the ͑8, 0͒ and ͑11, 0͒ bundles change similarly. However, there are some differences in the atomistic geometry after the deformation. While the ͑8, 0͒ bundle has the closely packed arrangement of the elliptic nanotubes, the ͑11, 0͒ bundle exhibits a loose configuration of the peanut-shaped nanotubes under high pressure. For the ͑10, 0͒ bundle, the pressure effect on the energy gap is rather complicated. After an initial decrease, the energy gap increases remarkably before metallization takes place, which has a different pressure dependence from that of the ͑8, 0͒ and ͑11, 0͒ bundles. However, in relation to the geometric and electronic structures of the bundles, they still have three common characteristics in the whole uniaxial pressure range: ͑1͒ semiconducting feature, ͑2͒ metallic character, and ͑3͒ large structural deformation.
By analyzing the band structure and wave functions, the essence of the variation of the electronic properties in the bundles can be revealed, especially from the beginning of applying pressure up to the semiconductor-metal transition. As a general trend of the band structure variation, the amplitude of change of the conduction band is substantially larger than that of the valence band in the electronic structure. Our calculations have shown that the change of the energy gap in the ͑11, 0͒ bundle is similar to that in the ͑8, 0͒ one. A common feature among the band structures of the ͑8, 0͒, ͑11, 0͒, and ͑10, 0͒ bundles is that the variations of the energy gap are primarily determined by the band structures at the M and ⌫ points. In the band structure of the ͑10, 0͒ bundle, the nature of the wave functions at the M3 point would play an important role. From the detailed analyses, it was found that the structural changes clearly affect the wave functions of the conduction band at the intertubular region. Accompanying the symmetry lowering of the carbon nanotube under pressure, tube rotation can also be found in the deformed geometries in the bundle which may significantly influence the electronic properties of the bundle. Therefore, the details about the effects of the deformation on the electronic structures of the SWCNT bundles cannot be described simply by a common calculation model.
